Consecutive patients with paroxysmal AF undergoing PVI under general anesthesia with 1 of 2 experienced operators were recruited. Each operator had procedural experience of >500 PVIs with a minimum of 50 procedures/year. All patients provided written informed consent to the study protocol, which had been approved by the Melbourne Health Human Research Ethics Committee.
C atheter ablation is accepted as a class I indication for treatment of symptomatic drug-refractory atrial fibrillation (AF). 1 There is accumulating evidence that catheter-tissue contact force (CF) is a major determinant for radiofrequency (RF) ablation lesion size and quality. [2] [3] [4] [5] [6] Insufficient CF can lead to ineffective delivery and nonuniform lesion formation, whereas excessive CF, especially during RF delivery, can cause collateral tissue injury. 4, 5, 7 Catheter-tissue CF is critical in a procedure such as pulmonary vein isolation (PVI) for AF. Ineffective RF lesion delivery may result in recurrent pulmonary vein (PV) conduction, which is the main cause of AF recurrence. 8, 9 A novel CF-sensing ablation catheter is now available, which allows real-time assessment of CF between catheter tip and target tissue by integrating a force sensor at the distal tip of an open-irrigated RF catheter. 5, 6 Preliminary results with this technology show that low catheter-tissue CF results in gap occurrence and PV reconnection both acutely and in medium-term follow-up after an AF ablation. [10] [11] [12] Knowledge about areas of intrinsically good, poor, and excessive contact at the PV antra may be helpful in improving ablation efficacy and in potentially avoiding complications during a PVI. The aim of this prospective study was, first, to characterize CF within and between different anatomic sites during antral PVI. Second, we aimed to determine the relationship between low CF and time to achieve acute PV isolation and acute PV reconnection. Minneapolis, MN); (2) His-bundle catheter (6F Supreme Hex JSN; St. Jude Medical); (3) multipolar circular mapping catheter (Reflexion spiral variable mapping catheter or Inquiry AFocus II, 15 mm mapping catheter; St. Jude Medical); and (4) irrigated ablation catheter (TactiCath; Endosense SA, Meyrin/Geneva, Switzerland, distributed by Biotronik, Berlin, Germany). The multipolar circular mapping catheter and ablation catheter were introduced into the left atrium via two 8.5F long sheaths, with transseptal puncture performed under fluoroscopic and transesophageal echocardiogram guidance. 13 Upon completion of the transseptal puncture, patients received intravenous heparin to maintain an activated clotting time of >350 seconds. Left atrial geometry was created using a 3-dimensional electroanatomic mapping system (Ensite NavX; St. Jude Medical). The end point of the procedure was the isolation of all the PVs as determined by entrance and exit block of the PVs. Acute PV reconnection was checked by combining a waiting time of >30 minutes for each vein and the use of adenosine for each PV to uncover dormant PV reconnection. [13] [14] [15] 
CF-Sensing Catheter
For ablation, a novel CF-sensing catheter and viewing platform were used (TactiCath) to assess catheter-tissue contact. 5, 6 The CF-sensing catheter is an open-irrigation catheter that contains a triaxial sensor located between the second and third electrode, which measures the force (amplitude and direction) of contact between the tissue and the catheter tip electrode. 3, 5 The CF sensor has a resolution and sensitivity of 1 g in a bench test. 6 The sensor measures the lateral and axial force every 100 ms and displays this on a viewing station that is integrated into the electrophysiology laboratory. The catheter force reference is set to zero when there is no electrode-tissue contact (ie, catheter floating mid-chamber) as specified by the operator.
Ablation
The ablation was performed in all cases with the catheter delivered through a nonsteerable 8.5F SL1 sheath. The sheath was orientated immediately proximal to the site of catheter deflection to provide a stable fulcrum. Power was limited to 30 to 35 W at anterior sites (flow rate, 17-20 mL/min) and 20 to 25 W at all posterior sites (flow rate, 17 mL/min), with temperature limited to 48°C for each lesion. 13 The operators were blinded to CF data at all times. Point-bypoint ablation was performed at the PV antra, with each lesion set for 30-second duration. The operators were instructed to obtain good catheter-tissue contact based on catheter tip motion on fluoroscopy; electrogram quality, electrogram abatement, and impedance fall with ablation. RF was terminated prematurely (before 30 seconds) if one of these factors were absent. Lesions where subjectively good contact could not be obtained were excluded from the analysis, resulting in premature RF termination. The ablation strategy consisted of wide encirclement of the PV antra without additional adjunctive left atrial ablation. Ipsilateral pairs of the PV antra were widely encircled and, depending on the individual anatomy, separated by a transverse lesion at the carina.
CF-Sensing Data
For each RF lesion, the real-time CF (recorded every 100 ms), average force (F av in grams-force, g), and force-time integral (FTI=real-time force×ablation time, g×s) were stored. CF data were recorded from the onset to the termination of RF. Data from each case were exported from the viewing station and sent to Endosense head office for decoding; CF readings for every 100 ms for every lesion were stored and analyzed in a statistical package. Excessive CF was defined at real-time CF reading ≥100 g for 200 ms. Low CF was defined as F av <15 g or FTI <500 g×s.
Segmentation of the Pulmonary Veins for Analysis
Anatomic sites were characterized by viewing the PV ostia internally as a modified clock face ( Figure 1 ). 16 Based on the distribution around the clock face, lesions were grouped according to anatomic location as anterior, posterior, superior, and inferior quadrants. For data analysis, the superior and inferior PVs were grouped together as one. For Left atrial area calculated by tracing chamber circumference on the apical 4-chamber view on 2-dimensional echocardiography at end-ventricular systole when the chamber was at its greatest dimension. Left ventricular ejection fraction calculated using modified Simpson's rule with measurements of enddiastolic volume and end-systolic volumes. AF indicates atrial fibrillation; IQR, interquartile range; and PV, pulmonary vein. 
Primary and Secondary Outcomes
The primary outcome was to describe the average CF and FTI at each anatomic site at the PV antra, including the incidence of lesions with low F av at each site ( Figure 1 ). Secondary outcomes were (1) to describe the incidence of lesions with excessive CF at each anatomic site; (2) to determine the relationship between low CF (or FTI) and RF time to achieve PVI; and (3) to compare the F av and FTI at sites of acute PV reconnection compared with nonreconnected sites.
Statistical Analysis
The Statistical Package for the Social Sciences (SPSS, release 15.0, Chicago, IL) and GenStat (10th Edition; VSN International, Hemel Hempstead, United Kingdom) were used for analysis. Continuous variables were expressed as mean±SD if normally distributed; median and interquartile range 25%-75% were used if the data were clearly skewed. To account for operator variability, multiple lesions within each patient, and the resulting correlation within patients, we performed linear mixed regression modeling to compare the difference in F av and FTI between different anatomic PV sites. A generalized linear mixed model was fitted to compare the incidence of low F av at each site.
To determine the relationship between lesions with low CF (or FTI) and time to acute PV isolation, we used linear models accounting for clinical and procedural characteristics listed in Table. The F av and FTI of the index lesion at reconnected sites were compared with those of the index lesion at nonreconnected sites using a t test if the assumption of a normal distribution was reasonable or using a Mann-Whitney U test if a normal distribution was not assumed. A 2-tailed P<0.05 was considered statistically significant. Graphs were constructed using Prism version 5.0d (GraphPad Software Inc, La Jolla, CA).
Results
Twenty-two patients with paroxysmal AF undergoing PVI were recruited. Baseline characteristics are shown in Table. A total of 1602 lesions were analyzed with a median of 73 (interquartile range 25%-75% , 46-92) lesions per patient. Lesions were distributed among the PV quadrants as shown in Figure 1 . Data for F av and FTI had a distribution that was clearly skewed to the right. Thus, for comparison of F av and FTI, we performed a logarithmic transformation of F av and FTI and subsequently performed linear mixed modeling using these values. There was no significant difference in F av (P=0.32) or FTI (P=0.82) between the 2 operators. There were no significant differences in percentage of lesions with low F av (<15 g; P=0.24) or excessive CF (≥100 g for 200 ms; P=0.91) between the 2 operators.
Anatomic Variation of CF and FTI at the Left PV Antra
There was wide variation in F av within each left PV quadrant; for example, among all lesions delivered at the left superior quadrant, the F av ranged between 1 and 83 g ( Figure 2 ). There was also significant variability in the distribution of F av between different left-sided PV quadrants (overall P=0.003; Figure 2 ). Highest CF was at the superior and inferior quadrants of the left PVs, and lowest CF was at the anterior quadrant and carina of the left PVs. The frequency of lesions with low average CF (<15 g) was highest at the carina (78%) and anterior PV quadrants (54%), followed by the inferior (48%), posterior (45%), and superior quadrants (40%; overall P=0.011). Similarly, FTI was highest at the superior and inferior and lowest at the carina and anterior left PV quadrants (overall P=0.005; Figure 3 ).
Anatomic Variation of CF and FTI at the Right PV Antra
There was wide variation in F av within each right PV quadrant; for example, among all lesions delivered at the right anterior PV quadrant, F av varied between 1 and 91 g (Figure 2 ). There was also significant variability in the distribution of F av between different right PV quadrants (overall P<0.001; Figure 2) . Highest CF was for anterior and inferior quadrants and lowest for the carina of the right PVs. The frequency of lesions with low average CF (<15 g) was highest at the carina (50%), followed by the posterior (31%), superior (26%), inferior (24%), and anterior PV quadrants (15%; overall P=0.004). FTI was highest anteriorly and inferiorly and lowest at the carina of the right PVs (overall P<0.001; Figure 3 ).
Anatomic Variation of Average CF and FTI in the Left Versus Right PV Antra
When comparing similar PV quadrants on the left versus right (eg, left carina versus right carina), F av was always higher in the right PVs (P<0.001), except at the superior quadrants where F av was similar in the left and right superior PV quadrant (P=0.19).
Regions of Excessive CF
Ten lesions had excessively high CF recorded (>100 g for ≥200 ms). There was no specific pattern of anatomic distribution of excess CF (P=0.39; Figure 4) . The distribution was similar in the left versus right PVs (0.7% versus 0.9% for all lesions, respectively; P=0.28).
Relationship Among Average CF, FTI, and Time to Achieve Acute PV Isolation
PV isolation was achieved in all cases. There was a strong positive linear correlation between number of lesions with low F av (<15 g) and total ablation time to achieve PVI on the left-sided (unadjusted r 2 =0.59; P<0.001) and right-sided veins (unadjusted r 2 =0.5; P=0.001; Figure 5 ). After controlling for clinical and procedural characteristics shown in Table, this relationship was maintained ( Figure 5 ; online-only Data Supplement  Tables I and II) . Similarly, there was a strong positive linear correlation with number of lesions with low FTI (<500 g) and total ablation time to achieve PVI on the left-sided (unadjusted r 2 =0.58; P<0.001; Figure 5 ) and right-sided veins (unadjusted r 2 =0.50; P<0.001). After controlling for clinical and procedural characteristics listed in Table, this relationship was maintained ( Figure 5 ; online-only Data Supplement Tables III and IV) .
Relationship of Average CF and FTI With Acute PV Reconnection
Acute PV reconnection was uncovered with intravenous adenosine in 12 veins at 20 sites (no spontaneous reconnections). Seven left PVs reconnected (quadrants: superior 4, carina 2, posterior 2, anterior 3, inferior 1) and 5 right PVs reconnected (quadrants: carina 3, superior 2, posterior 2, inferior 1). Sites of acute PV reconnection compared with nonreconnected sites were associated with low F av (mean±SD of F av for left PVs, 8.3±6.7 versus 18±12.7 g; P<0.001; right PVs, 10.8±6.8 versus 24.5±14.8 g; P<0.001) and lower FTI (mean±SDs of FTI for left PVs, 171±141 versus 419±346 g×s; P<0.001; right PVs, 282±213 versus 625±428 g×s; P=0.002).
Safety
There were no audible pops, char formation on the catheter, esophageal injury, or pericardial tamponade during any of the procedures.
Discussion

Main Findings
This study demonstrates that there is significant variability in CF both within and between different PV quadrants even when experienced operators performed the procedure. Lesions were only delivered when traditional markers of good contact were present, indicating the poor predictive value of these markers. The highest CF for the left PVs was at the superior and inferior quadrants; the lowest CF was at the carina and anterior PV quadrants. For right PVs, the highest CF was at the anterior and inferior PV quadrants and the lowest CF was at the carina. Furthermore, CF at any right PV quadrant was consistently higher than the corresponding left PV quadrant, except at the left superior quadrants where the right and left PVs had similar CF. There was a strong linear relationship between number of lesions with low average CF or FTI and time to achieve acute PVI, confirming that catheter-tissue CF is an important determinant of procedure duration and ablation efficacy. 4, 6 Last, acute PV reconnection was strongly associated with low CF and low FTI.
Previous studies have described the significant anatomic and technical factors that pose challenges in achieving successful acute electric isolation of the PVs. 16, 17 These anatomic factors, combined with the quality of the initial RF lesion, determine the durability of electric disconnection between the PVs and left atrium, and subsequently determine AF-free survival. 8, 9 Kistler et al 16 showed that the carina and the anterior ridge of the left PVs and the carina and superior quadrant of the right PVs can be a challenging area to successfully ablate Figure 4 . Incidence (%) of lesions with excessive contact force (CF) (>100 g for ≥200 ms). There was no specific pattern of anatomic distribution of excess CF. December 2012 as a result of thickness of atrial musculature. Muscular folds between the left PVs and the left atrial appendage can often be narrow with an acute angle, making it difficult to stabilize a catheter directly onto the left anterior PV during catheter ablation. Similarly, atrial ridges and muscular folds between the ipsilateral PVs (carina) may increase the difficulty in obtaining catheter stability. 16 Furthermore, sites of acute and chronic PV reconnection are more frequently located in these areas. 18 With the use of a novel CF-sensing ablation catheter, we were able to demonstrate that insufficient CF may be a critical factor leading to difficulty in achieving electric isolation and to a high incidence of acute reconnection at these anatomic sites.
The higher CF in the right compared with the left PV segments could be postulated to be because of the closer proximity of the right PVs to the transseptal crossing point, thus providing a more rigid fulcrum and greater catheter-sheath stability. When targeting the inferior PVs, maximal flexion of the catheter, combined with inferior traction on the sheath, may facilitate a directly perpendicular catheter-tissue orientation, thus resulting in higher CF at these sites. The left superior PV segment was one of highest CF sites on the left side. This may be a consequence of the catheter-sheath orientation directed superiorly with the sheath close to the catheter tip to ensure stability at this site when using a unidirectional CF-sensing catheter.
Knowledge of actual contact force and of regions likely to have poor contact force may critically influence procedural approach. First, it may lead to a change in operator technique, such as adjustment of catheter-tissue orientation, cathetersheath relationship, or even change of sheath type (deflectable versus fixed) to improve CF at critical sites where contact is more frequently poor. Despite experienced operators performing the procedure, there was wide variability in CF among lesions even within each PV quadrant. Thus, CF sensing may provide the operator, both experienced and inexperienced, with valuable real-time feedback about technique.
Second, real-time monitoring of CF may allow the operator to adjust CF and RF lesion size by adjustment of power settings and RF-ablation time. 5 Sites of high CF may require short durations of RF, whereas low CF sites may require longer duration of RF. Regions of excessive CF during RF ablation were uniformly distributed across different PV regions, highlighting the importance of real-time CF sensing to avoid procedural complications. Monitoring for excessive CF may potentially reduce risk of pericardial tamponade during catheter manipulation, steam pop, and cardiac perforation during RF ablation, esophageal injury, and phrenic nerve injury. 5
Study Limitations
The relationship of contact force and chronic PV reconnection was not assessed in this study. The study was not designed to test catheter safety, which would require investigation in large multicenter trials. The distribution of CF in this study is likely dependent on operator technique. Different operators might see different patterns of higher or lower contact force in various locations because of individual catheter manipulation technique 5 and choice of sheath (steerable versus nonsteerable). A larger, multicenter, multioperator study may clarify such differences.
A C D B Figure 5 . Correlation between number of lesions with low F av (<15 g) or low force-time integral (FTI; <500 g×s) and ablation time required to achieve acute pulmonary vein isolation (PVI). Unadjusted r 2 values are shown in the graphs. A and B, There is a strong linear relationship between the number of lesions with low F av <15 g and radiofrequency (RF) time for left or right PVI. C and D, There is a strong linear relationship between the number of lesions with low FTI <500 g×s and RF time for left or right PVI. The linear relationship persisted after adjusting for clinical and procedural characteristics (adjusted coefficients shown below each graph).
Conclusion
Monitoring of catheter-tissue CF during RF ablation demonstrates that there is significant variability in CF both within and between different PV anatomic sites. Areas of low CF occur at sites previously identified as resistant to electric isolation and as regions of acute and chronic PV reconnection. Low CF is implicated in longer time to achieve acute PVI and acute PV reconnection. This information may have important implications for improving ablation efficacy and rates of durable PV isolation. 
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